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the present study, we examined the swimming and attachment mechanisms of Giardia trophozoites using a high-contrast, highspeed video microscopy platform, and we made several findings. First, we discovered that rapid locomotion involved the beating of the caudal region of the cell in addition to flagellar beating. Second, we discovered that the anterior and posterolateral flagella did not beat in a sinusoidal waveform but instead, beat with a clearly defined power stroke. Finally, we observed a change in swimming patterns, from a fast rotational motion to a slower planar swimming, when trophozoites were approaching a surface for attachment. These findings represent a significant advancement in the understanding of Giardia locomotion and provide important insight into the motility of Giardia trophozoites.
Giardia trophozoites have long been defined by their unique appearance, obtaining the moniker the little professor because of their appearance of a bespectacled face. In addition, the 10-to 12-μm bilaterally symmetric cells have four pairs of flagella, each of which symmetrically exits the cell body at various locations (Fig. P1) . As the names imply, the anterior flagella exit the body anterior to the two nuclei on the lateral surface, the posterolateral flagella exit 4-5 μm below the anterior flagella, the ventral flagella exit on the ventral surface in the center of the cell, and the caudal flagella exit at the caudal apex. These flagella combine with an adhesive disk, which covers the ventral anterior surface, to form the majority of the cytoskeleton. Although these structures were identified decades ago, there is still much debate on how the complex cytoskeleton is used for swimming and attachment to the intestinal epithelium.
As recently as 2010, examination of the contribution of each of the cytoskeletal components of Giardia was reviewed along with the need for additional research into both the swimming and attachment mechanisms (1) . Previous studies have indicated that the simultaneous beating of the anterior, posterolateral, and ventral flagella may provide the driving force for the rapid swimming motion (2) . However, the precise beating motion of these flagella remains heavily debated, with descriptions indicating both sinusoidal (2) and helical (3) motion. The inability to accurately define these motions and identify the exact mechanism used for swimming is also hampered by the low detection limit, a frequency of 54 frames/s relative to the rapid beating speed of the flagella up to 30 Hz. Sampling at this frequency has led to an inaccurate representation of the true motion. To address these problems, elucidate the true beating form of the flagella, and analyze the exact mechanisms contributing to the rapid swimming, we assembled a high-speed (>800 frames/s), high-contrast imaging system to track the swimming and attachment of Giardia trophozoites in vitro.
The microscopic system was assembled using state of the art components to address the limitations of previous studies and obtain quantitative data on flagella motion and swimming. Using this system, it was possible to track the exact beating pattern of the flagella through the entire course of movement. Additionally, insight was gained into the swimming and attachment mechanisms, independent of the flagella pairs.
Analysis of over 100 flagella traces indicated that the anterior and posterolateral flagella did not beat in a sinusoidal waveform but instead, beat with a clearly defined power stroke similar to the beating observed in the algae Chlamydomonas. The flagella beating in Chlamydomonas has long been considered a unique type of beating motion for flagella, and often, these flagella are referred to as cilia to account for the fundamental difference in motion. In addition, much research has focused on determining the structural differences in these flagella that lead to the variation in movement. Based on the findings from this study, the anterior and posterolateral flagella of Giardia generate a ciliary beating motion, which has several advantages associated with their lateral positioning, including increased forward propulsion and directional control. Unlike the laterally positioned flagella, however, we concluded that the ventral flagella exhibit an expanding sine waveform, which is typical of eukaryotic flagella. By exporting the x-y coordinate plots for the ventral flagella traces, we were able to obtain a mathematical equation for this beating. From the equation, we calculated the propulsive velocity for this flagella pair and also estimated the suction force under the adhesive disk caused by the evacuation of fluid from this flagella pair. Simultaneous ciliary and flagellar beating from a single microorganism represents a unique aspect of the cytoskeletal arrangement of Giardia.
Analysis of the free swimming motion of trophozoites revealed that, when trophozoites were rapidly moving, the caudal region of the cells exhibited a wave-like flexion. It is possible that the flagella have a role in controlling the stability of the cell or directionally controlling the motion. However, we hypothesize that the flexion of the caudal region allows for the increased speed associated with 3D swimming. Previous studies have shown that the internal portions of the caudal flagella were capable of movement. Combined with the lack of cytoskeletal components in the caudal region of the cell, we believe that internal beating of the caudal flagella is responsible for the beating of the entire caudal region. The caudal flagella are bounded within the cytoplasm for nearly the entire length of the cell, and internal movement of these flagella would result in a shape change for the entire cell. In addition, a combination of body and flagella movement shows the true complexity associated with swimming in Giardia and shows the need for more study of the internal mechanics associated with the generation of these movements.
The discovery of the swimming motions generated by Giardia trophozoites has significant implications in the study of more complex flagellated microorganisms. Although Chlamydomonas is thought to have highly unusual flagellar beating, we have shown that Giardia has a similar motion in both the anterior and posterolateral flagella. This finding could mean that there is structural similarity between the flagella of Chlamydomonas and Giardia or that multiple structures are capable of generating this beating form. It could be a result of environmental constraints or evolutionary pressures, or it may even indicate relatedness between the two organisms. Outside of the realm of biology, the swimming strategies elucidated from Giardia can also serve as a source of inspiration for bio-inspired swimming microrobots. Some bio-inspired swimming microrobots using the strategies used by typical eukaryotic and prokaryotic flagella have been created, with varying levels of success. In this study, the swimming strategy observed in Giardia trophozoites may potentially inform the design of future swimming microrobots.
